Aim: We have recently identified a cancer stem cell (CSC) subpopulations within the tumor nests (TNs) and another within the peritumoral stroma (PTS) in liver metastasis from colon adenocarcinoma (LMCA). This study investigated the expression of components of the renin-angiotensin (RAS): pro-renin receptor (PRR), angiotensin converting enzyme (ACE), and angiotensin II receptor 1 (ATIIR1) and angiotensin II receptor 2 (ATIIR2) in LMCA.
INTRODUCTION
Colorectal cancer (CRC) accounts for 9.7% of all cancers with approximately 1.5 million cases worldwide in 2015 [1] , including 3158 cases in New Zealand [2] . It is the second most common cause of cancer death in the United Kingdom [3] and New Zealand [2] .
The pathogenesis of CRC relates to a complex interaction between genetic predisposition and lifestyle factors [1] . There are hereditary and non-hereditary CRC sub-types, although the majority are sporadic and result from somatic mutation in response to environmental factors [1] . A key molecular pathway in the development of about 80% of CRC cases is the adenocarcinoma sequence, in which an accumulation of genetic mutations, particularly in the adenomatous polyposis coli pathway leads to carcinogenesis [4] . Diets high in animal fat and red meat, physical inactivity and excess body weight, heavy alcohol consumption and smoking are known modifiable risk factors for CRC [5] .
The liver is commonly the first metastatic site for CRC, and may be the only site of spread in up to 30%-40% of patients with advanced disease [6] . 20%-25% of CRC patients have detectable synchronous liver metastases at the time of diagnosis, and another 40%-50% of patients will subsequently develop metachronous liver metastasis within three years of resection of the primary tumor [7] .
The current concept of CRC proposes that the primary mode of tumor spread is via the portal system, and hence resection of isolated liver metastasis from CRC adenocarcinoma may be curative [6] . However, the observation of circulating CRC cancer stem cells (CSCs) [8] infers that the assumption of the liver being the most suitable site for metastasis remains to be determined. The median survival of liver metastasis from CRC adenocarcinoma without treatment is less than 12 months from presentation, with improved prognosis for patients with isolated liver metastasis [9] . Approximately 20%-30% of patients with liver metastasis from CRC adenocarcinoma have disease confined to the liver and is therefore potentially operable [10] with a fiveyear survival of 25%-44% [7, 11] . There has been recent focus on pre-operative neo-adjuvant chemotherapy to improve disease-free and overall survival by downsizing metastatic liver disease to increase operability and treat systemic disease [12] .
The CSC concept of cancer proposes that a subpopulation of cells within a cancer that possesses the properties of embryonic stem cells (ESCs) are the driving force for carcinogenesis due to their innate ability to promote angiogenesis, local invasion, distant metastasis, and resistance to apoptosis [13] . Although the origin of CSCs remains to be elucidated, they are distinguishable from the cancer cell population by their expression of ESC markers, well researched in many cancer types including oral cavity squamous cell carcinoma (OCSCC) affecting different sub-sites [14] [15] [16] and glioblastoma (GB) [17] . Increased expression of ESC markers has been associated with increased tumor size, local invasion and metastasis [18] , worsening prognosis, treatment resistance [19] and risk of local recurrence or metastasis [20] .
We have recently demonstrated the presence of three CSC subpopulations within liver metastasis from colon adenocarcinoma (LMCA): a SOX2 + CSC subpopulation within the peri-tumoral stroma (PTS) [21] .
The renin-angiotensin system (RAS) is a hormonal system that is classically known for regulation of cardiovascular homeostasis and blood pressure [22] . A key component of the RAS is angiotensinogen which is physiologically released from the liver into the circulation and is converted to angiotensin I (ATI) by renin -the active form of the proenzyme, pro-renin. The receptor for both renin and pro-renin is pro-renin receptor (PRR) [23] . ATI is then converted to angiotensin II (ATII) by angiotensin converting enzyme (ACE). The effects of ATII are mediated through its receptors, angiotensin II receptor 1 (ATIIR1) and angiotensin II receptor 2 (ATIIR2) [24] .
Recent studies show that the RAS promotes tumor growth at a local tissue level by modulating angiogenesis, tumor cell proliferation, immune responses and extracellular matrix formation [24] . Patients who are administered RAS modulators have a reduced incidence of CRC as well as lower rate of developing distant metastasis from CRC [25, 26] .
CSCs in a number of cancer types, including OCSCC [16, 27, 28] and GB [17] have been shown to express components of the RAS. Hence CSCs may be a novel therapeutic target by modulation of the RAS. A recent meta-analysis reports an average 20% reduced risk of metastasis and improved survival from cancer including CRC, in patients who are administered RAS modulators [29] .
Currently there are few publications showing the presence of the components of the RAS in LMCA. This study aimed to investigate the expression of the components of the RAS: PRR, ACE, ATIIR1, and ATIIR2 within LMCA, in relation to the three CSC subpopulations we have recently identified [21] , using 3,3-diaminobenzidine (DAB) and immunofluorescence (IF) immunohistochemical (IHC) staining, Western blotting (WB), and NanoStrong mRNA expression analysis.
METHODS

Tissue samples
LMCA tissue samples from 16 male patients aged 50-80 (mean 65) years including those in our previous study [21] were sourced from the Gillies McIndoe Research Institute Tissue Bank and used for this study which was approved by the Central Health and Disabilities Ethics Committee. Informed written consent was obtained from all participants.
Histochemical and immunohistochemical staining
Hematoxylin and eosin (H&E) staining was carried out on 4 μm-thick formalin-fixed paraffin-embedded sections of 16 LMCA tissue samples to confirm the presence of the tumor on the slides by an anatomical pathologist (HDB). DAB IHC staining was then performed on these sections using the Leica Bond Rx auto-stainer (Leica, Nussloch, Germany) with primary antibodies for PRR (1:2000; cat# AB40790, Abcam, Cambridge, MA, USA), ACE (1:100; cat# MAB4399, AbD Serotec, Oxford, UK), ATIIR1 (1:300; cat# AB9391, Abcam), and ATIIR2 (1:2000; cat# NBP1-77368, Novus Biologicals, Littleton, CO, USA), OCT4 (1:30; cat# MRQ-10, Cell Marque), SOX2 (1:200; cat# PA1-094, Thermo Fisher Scientific, Rockford, IL, USA). Antibodies were diluted in Bond primary antibody diluent (Leica). All DAB IHC-stained slides were mounted in Surgipath Micromount (Leica, Nussloch, Germany). To confirm co-expression of two proteins, two representative samples of LMCA from the original cohort of 16 patients used for DAB IHC staining, underwent IF IHC staining. Vectafluor Excel anti-mouse 488 (ready-to-use; cat# VEDK2488, Vector Laboratories, Burlingame, CA, USA) and Alexa Fluor anti-rabbit 594 (1:500; cat# A21207, Life Technologies, Carlsbad, CA, USA) were used to detect the combinations. All IF IHC-stained slides were mounted in Vecta Shield Hardset mounting medium with 4, 6-diamino-2-phenylindone (Vector Laboratories). All antibodies were diluted in Bond primary diluent (Leica). All DAB and IF IHC staining was performed using the Leica Bond Rx auto-stainer (Leica), as previously described [16, 28, 30] .
Image analysis
The DAB IHC-stained slides were viewed and the images were captured using an Olympus BX53 light microscope fitted with an Olympus DP21 digital camera (Olympus, Tokyo, Japan). An Olympus FV1200
confocal laser-scanning microscope (Olympus) was used for IF IH-stained slides and the images were processed with CellSens Dimension 1.11 software using the 2D deconvolution algorithm (Olympus).
NanoString mRNA expression analysis
Six snap-frozen LMCA tissue samples from the original cohort of 16 patients included for DAB IHC staining were used to isolate total RNA. RNA was extracted using the MagJET RNA Kit and KingFisher Duo (ThermoFisher Scientific) protocol and quantitated by the NanoDrop 2000 Spectrophotometer (Thermo Scientific) and Qubit (Thermo Scientific). mRNA was assayed by New Zealand Genomics Ltd (Dunedin, NZ), using the NanoString nCounter Gene Expression Assay (NanoString Technologies, Seattle, WA, USA). Probes for the genes were designed and synthesized by NanoString Technologies and are PRR (ATP6AP2, NM_005765.2), ACE (CD143, NM-000789.2), ATIIR1 (AGTR1, NM_000685.3), and ATIIR2 (AGTR2, NM_000686.3). Raw data were analyzed by nSolver software (NanoString Technologies) using standard settings and were normalized against the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH), as routinely performed in our laboratory [16, 28] .
Western blotting
Total protein was extracted from three snap-frozen LMCA tissue samples from the original cohort of 16 patients used for DAB IHC staining, resolved by SDS-PAGE, and transferred to a PVDF membrane as previously described [31] , and probed using the following antibodies: PRR (1:500, cat# ab40790, Abcam), ATIIR1 (1:500; cat# sc-1173, Santa Cruz, CA, USA), ATIIR2 (1:1000; cat# ab92445, Abcam), ACE (1:200; cat# sc-12184, Santa Cruz), and β-actin (1:500; cat# ab8229, Abcam). Secondary and tertiary antibodies were goat anti-rabbit HRP (1:2000; cat# ab6721, Abcam) for PRR and ATIIR1, rabbit anti-goat Superclonal TM biotin conjugate (1:5000; cat# A27013, Thermo Fisher) and goat anti-rabbit Superclonal TM biotin conjugate (1:5000; cat# A27035, Thermo Fisher) followed by Pierce TM Streptavidin Poly-HRP (1:5000, cat# 21140, Thermo Fisher) for ACE and ATIIR2, respectively, and chicken anti-goat Alexa Fluor 647 (1:2000; cat# A21244, Life Technologies) for β-actin. Clarity Western ECL (cat# 1705061, Bio-Rad) was used as the substrate for HRP bands and the Chemi Doc MP Imaging System (Bio-Rad) and ImageLab 5.0 software (Bio-Rad) were used for detection and analysis, as previously used [16, 28] . Positive controls were snap-frozen human placenta tissue for PRR and ATIIR1, snap-frozen mouse lung tissue for ACE, and a recombinant ATIIR2 protein (cat# H00000186-P01, Novus Biologicals) for ATIIR2. Matched mouse (1:500; cat# ab18443, Abcam) and rabbit (1:500; cat# ab171870, Abcam) isotype controls were used as appropriate negative controls.
Statistical analysis
Statistical analysis of the NanoString mRNA data was performed using t test (SPSS v 24).
RESULTS
Histology and DAB IHC staining
H&E staining confirmed the presence of LMCA on the slides for each of the 16 tissue samples. DAB IHC staining demonstrated the expression of PRR [ Figure 1A , brown] which was localized to cells within the TNs, cells within the PTS and the endothelium of the microvessels within the PTS. ACE [ Figure 1B , brown] was expressed on the luminal surface of the TNs and weakly on the endothelium of the microvessels within the PTS. Strong cytoplasmic expression of ATIIR1 [ Figure 1C , brown] was present on the cells within the TNs, the cells within the PTS and the endothelium of the microvessels within the PTS. ATIIR2 [ Figure 1D , brown] was also expressed by the cells within the TNs, and weakly on the endothelium of the microvessels within the PTS. Figure 1D , brown] were demonstrated in human placenta, kidney, liver and kidney, respectively. The negative controls on LMCA tissue samples, stained using an IgG isotype [ Supplementary  Figure 1E ], demonstrated the specificity of the primary antibodies used.
IF IHC staining
IF IHC staining was employed to investigate the expression of components of RAS by the CSC subpopulations within LMCA by co-staining with ESC markers OCT4 and SOX2. PRR [ Figure 2A , red] was expressed by the cells within the TNs and the cells within the PTS, regardless of whether they were OCT4 + [ Figure 2A , green] or OCT4 -[ Figure 2A ]. ACE [ Figure 2B , green] was expressed on the luminal surface of the cells within the TNs as well as the endothelium of the microvessels within the PTS, which also expressed SOX2 [ Figure 2B , red]. ATIIR1 [ Figure 2C , green] was demonstrated in cells within the TNs, the endothelium of the microvessels within the PTS [ Figure 2C ] and the cells within the PTS [ Figure 2C ], which also expressed SOX2 [ Figure 2C , red]. A similar expression pattern was seen for ATIIR2 [ Figure 2D , red] in the cells within the TNs and the cells within of the PTS whether they expressed OCT4 [ Figure 2D , green] or not [ Figure 2D ]. Figure 2 are shown in [ Supplementary Figure 2] . Minimal staining was present on the negative control [ Supplementary Figure 2I] , confirming the specificity of the primary antibodies used.
Split images of the stains presented in
NanoString mRNA expression analysis
NanoString mRNA expression analysis of PRR, ACE, ATIIR1, and ATIIR2 on six snap-frozen LMCA tissue samples of the original cohort of 16 patients used for DAB IHC staining, normalized against the housekeeping gene GUSB, confirmed the presence of PRR, ACE and ATIIR1 mRNA in all six samples and ATIIR2 in one sample [ Figure 3] , with ATIIR2 mRNA expression at a significantly lower level in all six samples compared to the other genes (P < 0.05).
Western blotting
WB on the three snap-frozen LMCA tissue samples demonstrated the presence of bands at the expected molecular weight for PRR, ATIIR1, ATIIR2 and ACE [ Figure 4 ]. PRR was detected in all three samples at 22 kDa [ Figure 4A ], with the specificity of the antibody confirmed using a recombinant PRR protein (cat# ab153053, Abcam). ATIIR1 was detected in all three samples at the expected molecular weight of 41 kDa [ Figure 4B ], and ATIIR2 was detected in two out of three samples at 50kDa [ Figure 4C ], consistent with ATIIR2 variants from adrenal glands and from ATIIR2 proteins with high glycosylation [32] . ACE was detected at a low abundance in all three samples at the expected molecular weight of 194 kDa [ Figure 4D ]. This is supported by detection of ACE using the same antibody in different tissues [33] . β-actin confirmed approximate equivalent protein loading for all LMCA samples examined [ Figure 4E ]. The isotype controls are presented in Supplementary Figure 3 . 
DISCUSSION
The classical RAS is an endocrine system that is crucial in regulating blood pressure and fluid homeostasis through its effects on the kidney, cardiovascular, and central nervous systems [24] . Physiologically angiotensinogen is cleaved by renin to form ATI. ACE then cleaves ATI to form ATII. ATII is the main effector of the RAS that mediates its effects by binding with its receptors ATIIR1 and ATIIR2 [24] . Recent literature suggests a critical role for the RAS in cancer growth and metastasis [24] . There is increasing appreciation of the complex interplay between the RAS and other pathways including IGF, VEGF, and potential bypass loops consisting of cathepsins B, D and G [22, 34] . These related pathways are implicated in a number of biological processes such as angiogenesis, cell migration, tumorigenesis and hematopoiesis which may create a conducive environment for carcinogenesis by promoting the proliferation of CSCs [22] . More specifically to LMCA, a report by Heinzerling et al. [26] shows the use of ACE inhibitors independently predicts less likelihood of patients with stage II CRC to develop distant metastasis. Using a murine model of CRC liver metastasis, Wen et al. [35] show that administration of captopril, an ACE inhibitor, reduces proliferation of the CRC cells. These coupled with a recent review, highlighting the role of ACE inhibitors and ATIIR1 blockers in reducing of the incidence of CRC and the development of distant metastasis from CRC [25] . Taken together it is exciting to speculate that the expression of components of the RAS by the CSCs in LMCA is crucial in the maintenance and proliferation of these CSCs, although this remains the topic of future investigation.
We have recently demonstrated three subpopulations of CSCs within LMCA, including an OCT4 + subpopulation, and an OCT4 -subpopulation within the PTS and the TNs, suggesting the presence of a CSC hierarchy [21] . In this study we have demonstrated the expression components of the RAS: PRR, ACE and ATIIR1 and ATIIR2 by these CSC subpopulations within LMCA. It is interesting that ATIIR2 was detected by DAB IHC staining in all 16 samples, but only two out of the three samples by WB and in only one sample by NanoString mRNA analysis, possibly due to sampling bias.
The novel findings in this study mirror similar findings in OCSCC affecting the oral tongue [28] , buccal mucosa [27] and lip [16] , and GB [17] . The expression of ACE on the endothelium of the microvessels within the Figure 3 . NanoString mRNA expression analysis of pro-renin receptor (PRR), angiotensin converting enzyme (ACE), angiotensin II receptor 1 (ATIIR1), and angiotensin II receptor 2 (ATIIR2) on six snap-frozen samples of liver metastasis from colon adenocarcinoma normalized against the housekeeping gene GUSB, confirmed the presence of PRR, ACE and ATIIR1 mRNA in all six samples and ATIIR2 in one sample, with ATIIR2 mRNA levels at a significantly lower level within all six samples compared to the other genes (P < 0.05)
PTS suggests a role in regulating epithelial-to-mesenchymal transition by influencing angiogenesis [16, 24] , although this requires further investigation. Western blot images of total protein extracted from snap-frozen samples of liver metastasis from colon adenocarcinoma (LMCA) from three patients demonstrating the presence of pro-renin receptor (PRR) in all three samples at 22 kDa (A), with the specificity of the antibody confirmed using a recombinant PRR protein. Angiotensin II receptor 1 was detected in all three samples at the expected molecular weight of 41 kDa (B); angiotensin II receptor 2 was detected in two out of three samples at 50 kDa (C); angiotensin converting enzyme was detected at a low abundance in all three samples at the expected molecular weight of 194 kDa (D); and β-actin confirmed approximate equivalent protein loading for all LMCA samples examined (E) It is exciting to speculate that CSCs may be a novel therapeutic target by modulation of the RAS using existing medications such as aliskiren which targets renin, β-blockers which inhibit the production of prorenin and hence decrease renin levels, ACE inhibitors and ATII receptor blockers [36] [37] [38] . A recent metaanalysis on the use of ACE inhibitors and ATIIR1 blockers demonstrate an average 20% improved survival or reduction of recurrence in different types of cancers, including primary CRC [29] , suggesting a crucial role of these drugs in tumorigenesis, potentially through modulation on the RAS, although this requires further investigation.
Cathepsins B, D and G are proteases that constitute bypass loops for the RAS [22] and have been implicated in tumorigenesis and metastasis in CRC due to their ability to degrade extra-cellular matrix. We have shown the expression of cathepsin B and cathepsin D by the CSC subpopulations within oral tongue squamous cell carcinoma [27] , GB [39] and more recently LMCA [34] , implying the presence of bypass loops for the RAS.
The novel finding of the expression of the components of RAS and cathepsin B and cathepsin D by the CSC sub-populations within LMCA, provides insights into possible more effective modulation of the RAS in targeting the CSCs. Further studies including a larger sample size and in vivo functional experiments are needed to explore the functional role of the RAS.
In conclusion, the novel finding of the expression of PRR, ATIIR1 and ATIIR2 on the CSCs within the TNs and CSCs within the PTS, and the expression of ACE in the endothelium of the microvessels in LMCA suggests the CSCs may be a novel therapeutic target by manipulation of the RAS.
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